Goniothalamin produced by the Malaysian medicinal plant, Goniothalamus andersonii J. Sinclair, strongly inhibits plant growth. However, its mode of action has not been characterized at the gene expression level. We conducted DNA microarray assay to analyze the changes in early gene responses of Arabidopsis thaliana seedlings. After a 6-h exposure to goniothalamin, we observed an upregulation of genes highly associated with heat response, and 22 heat shock protein (AtHSP) genes were upregulated more than 50 fold. Together with these genes, we observed upregulation of the genes related to oxidative stress and protein folding. Also, the genes related to cell wall modification and cell growth, expansin (AtEXPA) genes, were significantly downregulated. The results suggested that goniothalamin induces oxidative stresses and inhibits the expression of cell wall-associated proteins resulting in growth inhibition of Arabidopsis seedlings.
Goniothalamus, belonging to the family Annonaceae, consists of about 160 species, mainly distributed in tropical Southeast Asia [1] . Goniothalamin, a natural occurring styryl-lactone, has been isolated from some Goniothalamus species as a potential compound that exerts antitumor properties [2] . Some studies have approached the physiological roles of goniothalamin to some cancer cell lines, and reported that it induces DNA damage and oxidative stress resulting in apoptosis of cancer cells [3a,3b] . During our screening studies of plant allelochemicals, we found that goniothalamin produced by G. andersonii J. Sinclair strongly inhibits plant growth [4] . Although research into the physiological effect of goniothalamin on cancer cells is ongoing in many countries, the effect on plants is poorly understood. DNA microarray analysis is an effective tool to investigate the global gene response of model plants. It has been used to monitor changes in the level of transcripts in response to either allelochemical [5a-c] or allelochemical-derivative stresses [6] on a whole-genome scale. In the present study, we examined the early response of the Arabidopsis genes by DNA microarray analysis after exogenous treatment with goniothalamin. Gene Ontology (GO) singular enrichment analysis (SEA) [7] was also conducted to estimate the mode of action of goniothalamin.
After 6 h of goniothalamin treatment, 863 genes were upregulated and 426 downregulated. Among the upregulated genes, those encoding Arabidopsis thaliana heat shock proteins (AtHSP) were highly upregulated; 11 AtHSP genes were ranked in the top 20 highest upregulated genes after treatment with goniothalamin (Table 1) , and 22 AtHSP genes were upregulated more than 50 fold. By GO enrichment analysis, the activated physiological functions after exposure to goniothalamin are predictable by overrepresented GO terms based on the biological process category. SEA using upregulated genes identified 23 GO terms as significant in the biological process category. In Table 2 , the 10 highest significant GO terms ranked by p value are listed. The genes associated with "response to heat" (GO:0009408) were overrepresented at a highest level of significance. Together with response to heat, response to hydrogen peroxide (GO:0042542), response to oxidative stress (GO:0006979), response to light intensity (GO:0009642), response to reactive oxygen species (ROS) (GO:0000302), and protein folding (GO:0006457) were significantly overrepresented indicating that treatment with goniothalamin induced oxidative stresses to Arabidopsis seedlings and generated ROS.
It is generally accepted that overproduction of ROS in plant tissue causes serious damage by modifying the side chain of proteins, breakage of fatty acids, and damaging DNA [8] . GO enrichment analysis clarified that some upregulated genes (AT1G74310, AT2G32120, AT3G12580, AT5G12030) belong to the all functional categories response to heat, response to hydrogen peroxide, response to ROS, and protein folding. From the results, we can speculate that excessive ROS generation by exposure to goniothalamin might cause the accumulation of misfolded and/or aggregated proteins [8, 9] , which in turn induce expression of AtHSP genes [10, 11] . Highly expressed AtHSP proteins may function as a molecular chaperon to prevent misfolding of endogenous proteins caused by ROS attack [10, 11] . It should be noted that goniothalamin possesses α,β-unsaturated carbonyl groups as a putative bioactive moiety ( Figure 1) and it is possible for this to act as an electrophile which has the potential ability to generate oxidation-reduction reactions [12] . SEA using 426 downregulated genes revealed that the genes associated with "plant-type cell wall modification" (GO:00009827) were overrepresented at the highest level of significance. Table 3 shows the genes belonging to GO category "plant-type cell wall modification". Of 11 genes listed, 10 were EXPANSIN (AtEXPA) genes, and all genes listed in Table 3 were expressed in the cell wall. Expansins are nonenzymatic proteins and play important roles in plant cell growth, fruit softening, root hair emergence and other developmental processes in which cell wall loosening is involved [14] . All AtEXPA genes listed also belong to GO category "unidimensional cell growth" (GO:0009826) indicating that the downregulation of these genes is closely associated with plant growth-inhibitory activity caused by goniothalamin treatment.
In conclusion, we showed that a DNA microarray could be a powerful tool to estimate the mode of action of bioactive secondary metabolites, and the present study will serve as a base for future studies for development of agrochemicals based on the structure of goniothalamin to control weeds.
Experimental

Plant materials:
A bark sample of G. andersonii used for the isolation of goniothalamin was collected in Sri Aman, Sarawak, Malaysia, in October 2010. Purification of goniothalamin was conducted according to the method of the preceding study [4] . After methanol extraction of the bark, goniothalamin was partitioned with n-hexane, ethyl acetate, and n-butanol, and the ethyl acetate layer was subjected to an HPLC system equipped with a Waters 626 pump (Milford, MA, USA), a Waters 996 photodiode array detector, and a reversed-phase column (Inertsil ODS-3, 5 μm, 4.6 mm i.d., 250 mm length, GL Sciences Inc., Tokyo, Japan). Seeds of Arabidopsis thaliana L. (Col-0, Inplanta Innovations Inc., Yokohama, Japan) were sterilized in 70% ethanol for 1 min, and 2% sodium hypochlorite with 0.05% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA) for 8 min. They were then rinsed 3 times with sterilized distilled water. The sterilized seeds were placed on 0.8% agar (Nakalai Tesque, Inc., Kyoto, Japan) with 0.5×Murashige and Skoog Plant Salt Mixture (Nihon Pharmaceutical Co., Ltd., Tokyo, Japan) and 1% sucrose (Wako Pure Chemical Industries, Ltd., Osaka, Japan) in a sterilized Petri dish (90 mm diameter). The seeds were held at 4°C overnight in darkness and then transferred to a growth chamber. Emerging plants were maintained in the growth chamber under a schedule of 16 h light (22°C) and 8 h dark (20°C). After 14 d in the growth chamber, seedlings were removed from the agar and equilibrated at 22°C in 20 mL distilled water for 1 h. They were then transferred to 20 mL of distilled water containing 500 μM goniothalamin and incubated for 6 h under light. Control plants were not treated. Agilent Technologies 4×44K Arabidopsis (v4) 60-mer oligomicroarray. The slides were then washed and the fluorescence intensity detected using an Agilent G2505B Scanner. Two independent biological replicates were assayed. Total RNA profiling data were normalized via linear and lowess (locally weighted regression) methods followed by spike-in normalization using a Two-Color RNA Spike-In Kit (Agilent Technologies). The ratio of the intensity in the goniothalamin-treated sample (Cy5) to that in the control sample (Cy3) was calculated for each gene. We defined a gene as responsive when the ratio of both biological replicates was greater than five to one. Ratios are shown by the average of the two independent experiments. In this manuscript, the gene ID number and abbreviation are from The Arabidopsis Information Resource website (TAIR: http://www.arabidopsis.org/). We used the web-based toolkit AgriGO (http://bioinfo.cau.edu.cn/agriGO/index.php) for the Gene Ontology (GO) enrichment analysis [7] . Each expression pattern was analyzed with the Singular Enrichment Analysis program and tested by a binomial test model with a false discovery rate (FDR) of <0.01. Microarray data are available through the Gene Expression Omnibus (GEO) database at NCBI (http://www.ncbi.nlm.nih.gov/geo/). The accession number in the GEO database is GSE44749.
Isolation of total
